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The photocatalytic activity of natural sphalerite (the main mineral ore of ZnS) is relatively
low  in the absence of sacriﬁcial donors. Present work focuses on the improvement of the
photocatalytic activity of a natural sphalerite obtained from Abuni deposit, Nigeria, via cal-
cination at 600 ◦C, 700 ◦C and 800 ◦C. The raw and calcined natural sphalerite samples were
characterized using X-ray diffraction (XRD), scanning electron microscopy (SEM), and spe-
ciﬁc  surface area analysis. The activity of the raw and calcined samples was evaluated using
photocatalytic decolorization of methyl orange (MO) as the model reaction. The kinetics of
photocatalytic decolorization of MO on the raw and calcined natural sphalerite samples
was ﬁtted to the pseudo-ﬁrst order approximation of the Langmuir–Hinshelwood model.
The  photocatalytic activity of the natural sphalerite was doubled upon calcination at 700 ◦C.
The natural sphalerite calcined at 700 ◦C is also more active than the ones calcined at 600 ◦C
and  800 ◦C due to the combined effects of chemical composition, crystallite size, speciﬁc
surface area and oxygen vacancies.©  2016 Brazilian Metallurgical, Materials and Mining Association. Published by Elsevier
Editora Ltda. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
is an area of considerable research interest. Coupling two.  Introduction
olar energy harvesting and conversion through semicon-
uctor photocatalysis has a wide range of energy and
nvironmental applications [1–3]. Visible light constitutesPlease cite this article in press as: Hamza A, et al. Enhanced photocatalytic
J Mater Res Technol. 2016. http://dx.doi.org/10.1016/j.jmrt.2016.03.001
bout 46% of the solar spectrum; whereas, ultraviolet light
ccounts for only about 5% of the solar spectrum [3]. The band
aps of the commonly used photocatalysts correspond to the
V region of the electromagnetic spectrum. Hence, they are
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238-7854/© 2016 Brazilian Metallurgical, Materials and Mining Assoc
rticle  under the CC BY-NC-ND license (http://creativecommons.org/liccapable of utilizing only a small portion of sunlight. For exam-
ple, TiO2 has a wide band gap (3.0 eV for rutile and 3.15 eV
for anatase) and can therefore absorb only a small portion
of sunlight [1]. Therefore, development of visible light active
photocatalysts capable of efﬁcient utilization of solar energy activity of calcined natural sphalerite under visible light irradiation.
or more  semiconductors is one of the commonly employed
techniques for extending the activity of high band gap photo-
catalysts into the visible region [4,5].
iation. Published by Elsevier Editora Ltda. This is an open access
enses/by-nc-nd/4.0/).
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Most composite semiconductors are often synthesized
from expensive high purity chemicals. Synthesis of com-
posite semiconductors may involve many  steps and special
conditions [4–6]. Hence, the cost of the synthesized compos-
ite semiconductors can be very high. On the other hand,
naturally occurring mineral ores such as natural sphalerite
[7–11] and vanadium bearing rutile [12] were found to behave
like coupled semiconductors, exhibiting photocatalytic activ-
ity under visible light irradiation. Thus, natural sphalerite
(obtained from a deposit in Hunan, China) was found to
exhibit visible-light photocatalytic activity for bacterial inac-
tivation and photoreductive degradation of methyl orange
and carbon tetrachloride [7–11]. The photocatalytic activity
of the natural sphalerite under visible light irradiation was
mainly attributed to the substitution of transition metal ions
for Zn2+ and surface defects. The photocatalytic activity of
the naturally occurring mineral ores is relatively low in the
absence of sacriﬁcial donors such as ascorbic acid [9,10] and
hydrogen peroxide [12]. Addition of sacriﬁcial donors may neg-
atively affect the photocatalytic process through corrosion
of equipment, contamination of the products, high cost of
the sacriﬁcial donors, separation and recycling of the sacri-
ﬁcial donors where possible, etc. Therefore, there is the need
to employ other techniques for improving the photocatalytic
activity of the naturally occurring mineral ores.
Photocatalytic activity of composite photocatalysts is
strongly dependent on their chemical composition and sur-
face properties [6,13–15]. The composition and properties of
materials can be easily altered via calcination [5,13]. To the
best of our knowledge, no attempt has been made to study
the effects of chemical composition and surface properties
of any natural sphalerite on its photocatalytic activity. There-
fore, the aim of the present work was to investigate the effect
of calcination temperature on the photocatalytic activity of
a natural sphalerite, obtained from Abuni deposit, Nasarawa
State, Nigeria with a view to improve its photocatalytic activ-
ity under visible light irradiation. Methyl orange (MO) is widely
used as a model compound to investigate the photocatalytic
activity of various photocatalysts [10,12]. Indeed, MO is highly
stable to visible and near UV light, but can be decolorized in
the presence of a photocatalyst [10]. Herein, MO is used as the
model substrate for testing the photocatalytic activity of the
raw and calcined natural sphalerite samples.
2.  Experimental
2.1.  Materials
The natural sphalerite sample was obtained from a deposit
in Abuni, Nasarawa State, Nigeria. The sphalerite sample was
crushed into powder and then sieved to obtain ﬁne powder
with particle size below 106 m.  Analytical grade reagents
were used in the work. Calcination of the natural sphalerite
powders was conducted in Nabertherm C250 Electric furnace
at 600 ◦C, 700 ◦C, and 800 ◦C for two hours each. The calcinedPlease cite this article in press as: Hamza A, et al. Enhanced photocatalytic
J Mater Res Technol. 2016. http://dx.doi.org/10.1016/j.jmrt.2016.03.001
natural sphalerite samples were abbreviated by S600, S700,
and S800, corresponding to calcination temperatures of 600 ◦C,
700 ◦C, and 800 ◦C, respectively. The raw natural sphalerite is
abbreviated by S0. The chemical composition of the natural0 1 6;x  x x(x x):xxx–xxx
sphalerite samples was determined using X-ray ﬂuorescence
(XRF) spectrometer (Panalytical, Minipal 4 model). The phases
present in the samples were investigated using a powder X-ray
diffractometer (Shimadzu, model 6000) with Cu K radiation
(40 kV, 40 mA)  at Bragg angles ranging from 10◦ to 80◦. The
morphology of the samples was analyzed using Phenom Pro-
X desktop scanning electron microscope. The speciﬁc surface
areas of the samples were measured using the Sear’s method
[16].
2.2.  Photocatalytic  decolorization  of  MO
Photocatalytic decolorization of MO  using the raw and the
calcined natural sphalerite samples as photocatalysts was
conducted at room temperature (30 ± 2 ◦C) with an initial con-
centration of MO solution of 10 mg  l−1 and a pH of 3.3. 500 W
halogen lamp was used as the visible light source. Halogen
lamp is often used as the source of visible light in photo-
catalytic experiments because less than 0.3% of the emitted
light is ultraviolet [12]. 0.2 g of a photocatalyst was added
to 200 ml  MO solution and stirred for 60 min  in the dark in
order to establish absorption–desorption equilibrium, after
which the suspension was exposed to visible light illumina-
tion. During the photocatalytic experiments, aliquots were
withdrawn from the suspension at different intervals and ﬁl-
tered to completely remove the photocatalyst particles. The
obtained ﬁltrates were then analyzed for the residual concen-
tration of MO using a UV–vis spectrophotometer. Percentage
decolorization of MO was calculated using Eq. (1).
Decolorization = C0 − Ct
C0
× 100% (1)
where Ct is the concentration of MO remaining in the solution
at irradiation time, t, and C0 is the initial concentration of MO.
3.  Results  and  discussion
3.1.  Characterization  of  the  raw  and  calcined  natural
sphalerite  samples
The XRD patterns of the raw and calcined natural sphalerite
samples are displayed in Fig. 1. The XRD pattern of the raw
natural sphalerite (Fig. 1a) features prominent peaks at Bragg
angles of 28.6◦, 47.5◦, and 56.2◦, which can be well indexed
to ZnS (JCPDS 77-2100). Also observed in the XRD pattern is
a minor peak at Bragg angle of 26.6◦ due to the presence
of quartz (-SiO2). The elemental composition of the natural
sphalerite as determined by X-ray ﬂuorescence (XRF) analysis
is presented in Table 1. Zinc and sulfur are the main com-
ponents of the natural sphalerite. The natural sphalerite also
contains noticeable amounts of molybdenum, silicon, iron and
silver. However, only ZnS and quartz peaks were observed
in the diffractogram of the natural sphalerite. This can be
attributed to amorphous nature of some of the impurities,
their dispersion in the sphalerite matrix, and/or low concen- activity of calcined natural sphalerite under visible light irradiation.
tration of some of the accessory minerals to the extent that
cannot be detected by XRD technique. Similar results were
reported by Mekatel et al. for Fe2O3 supported on natural Alge-
rian clay [17].
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Table 1 – Elemental Composition of the natural sphalerite.
Element Zn S Si Ca Mn Fe Ni Cu As Y Mo Ag La Eu
Conc. (wt. %) 58.60 16.00 5.00 0.16 0.02 4.85 0.03 0.08 0.02 0.47 11.00 2.60 0.02 0.02
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Table 2 – Speciﬁc surface area and crystallite size of the
raw and calcined natural sphalerite samples.
Sample Surface area (m2/g) Crystallite size (nm)
S0 129 28
S600 117 43800.
In addition to characteristic peaks of ZnS and quartz, the
RD pattern of S600 displayed in Fig. 1b features a set of peaks
t Bragg angles of 31.7◦, 34.5◦, 36.3◦, 47.6◦, 56.5◦, 62.7, 68.1 and
9.3◦. The latter set of peaks can be attributed to the hexag-
nal wurtzite structure of ZnO (JCPDS 36-1451). Hence, S600
s mostly composed of crystalline ZnO and ZnS. The peak at
5.3◦ in the diffractograms of S600, S700 and S800 is attributed
o magnetite (Fe3O4). The XRD patterns of S700 and S800 are
evoid of ZnS peaks. The diffractograms of S700 and S800 are
ominated by peaks due to ZnO. It has been reported by Zhao
t al. [5] that conversion of pure ZnS to ZnO is a stepwise oxi-
ation process and complete conversion of ZnS to ZnO occursPlease cite this article in press as: Hamza A, et al. Enhanced photocatalytic
J Mater Res Technol. 2016. http://dx.doi.org/10.1016/j.jmrt.2016.03.001
t 700 ◦C and above according to Eq. (2):
ZnS + 3O2 → 2ZnO + 2SO2 (2)
Fig. 2 – SEM images of (S700 152 19
S800 106 53
The XRD patterns of S700 and S800 shown in Fig. 1c and 1d
reveal complete oxidation of ZnS to ZnO because ZnS peaks
completely disappeared upon calcination at 700 ◦C. Therefore,
ZnS in the natural sphalerite sample is completely oxidized
to ZnO at 700 ◦C. The temperature required for the complete
conversion of ZnS to ZnO is 700 ◦C for both pure ZnS [5] and
natural sphalerite; hence, the impurities contained in natural
sphalerite do not have much effect on the conversion temper-
ature. S800 is more  crystalline than S700 because the peaks
of the latter are more  intense and narrower than those of the
former. Indeed, the XRD pattern of S700 is characterized by a
broad background due to low crystallinity.
The average crystallite sizes of the raw and calcined natural
sphalerite samples were estimated using the Debye–Scherrer
formula. The computed average crystallite sizes are listed in
Table 2. When natural sphalerite was calcined at 600 ◦C, the
crystallite size increases from 28 to 43 nm.  However, upon cal-
cination at 700 ◦C, the crystallite size decreases to 19 nm due
to complete conversion of ZnS to ZnO. Calcination at 800 ◦C
resulted in much larger crystallite size of 53 nm.  The spe-
ciﬁc surface areas of the raw and calcined natural sphalerite
samples are also presented in Table 2. The speciﬁc surface
area decreased upon calcination at 600 ◦C, and then suddenly activity of calcined natural sphalerite under visible light irradiation.
increased when calcination was performed at 700 ◦C. Further
increase in the calcination temperature to 800 ◦C resulted in
lower speciﬁc surface area. As seen in Table 2, S700 has the
a) S0, and (b) S700.
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Fig. 4 – Pseudo-ﬁrst order kinetic plot for the decolorization
of MO using the raw and calcined natural sphalerite
of ZnFe2O4 calcined at 500 ◦C is higher than that of ZnFe2O4
samples calcined at 600 ◦C, 700 ◦C, 800 ◦C and 900 ◦C [20].
Table 3 – Apparent rate constants (kapp) for the
photocatalytic decolorization of MO using the raw and
calcined natural sphalerite samples and the
corresponding correlation factors (R2).
Sample kapp (min−1) R2
S0 0.0017 0.983calcined natural sphalerite samples as photocatalysts.
highest speciﬁc surface area and lowest crystallite size in the
series.
The SEM images of S0 and S700 are displayed in Fig. 2. The
surface of S0 is characterized by irregularly shaped particles
with a wide range of particle size ranging from submicron to
over 10 m.  On the other hand, the surface of S700 is com-
posed of submicron clusters of grains with some interparticle
voids, which may account for the high speciﬁc surface area
of S700. Chemical transformation of ZnS to ZnO at 700 ◦C is
mainly responsible for the observed drastic changes in the
morphology of S0 and S700.
3.2.  Photocatalytic  decolorization  of  MO
The results of photocatalytic decolorization of MO using the
raw and the calcined natural sphalerite samples in an irradi-
ation period of one hour are shown in Fig. 3a. Generally, the
observed decolorization of MO on naturally occurring ores is
relatively low [9,12]. The percentage photocatalytic decoloriza-
tion of MO  on the raw natural sphalerite is only 9.5% after one
hour of visible light irradiation with a 500 W halogen lamp. The
photocatalytic activity of the calcined natural sphalerite sam-
ples increases with increase in the calcination temperature
up to 700 ◦C, and then decreases upon calcination at 800 ◦C.
After two hours of visible light irradiation with a 500 W halo-
gen lamp, Li et al. [9] observed only 4.09% decolorization of
MO using natural sphalerite obtained from Hunan, China as
the photocatalyst.
The kinetics of photocatalytic processes often obeys
pseudo-ﬁrst order approximation of the Langmuir–
Hinshelwood model, ln(C/C0) = kappt, where kapp is the appar-
ent rate constant, which can be used to compare the
photocatalytic activity of a series of photocatalysts because it
permits evaluation of photocatalytic activity independent of
the concentration of the substrate remaining in the solution
and adsorption in the dark step of photocatalysis [15]. ThePlease cite this article in press as: Hamza A, et al. Enhanced photocatalytic
J Mater Res Technol. 2016. http://dx.doi.org/10.1016/j.jmrt.2016.03.001
plots of ln(C0/C) as a function of irradiation times are shown
in Fig. 4. The derived values of the apparent rate constants
are presented in Table 3. The high values of the regressionsamples as photocatalysts.
coefﬁcients (R2) show that the photocatalytic decolorization
of MO follows pseudo-ﬁrst order kinetics. As seen in Table 3,
the apparent kinetic rate constant over S700 is twice higher
than that over S0. Indeed, S700 also exhibits the highest
photocatalytic activity among the calcined natural sphalerite
samples.
Photocatalytic activity is often rationalized in terms of
the chemical and surface properties as well as the ability of
a photocatalyst to absorb incident light energy to generate
electrons and holes. The speciﬁc surface area of natural spha-
lerite calcined at 700 ◦C is larger than those of the raw and
other calcined natural sphalerite samples (Table 1). Photocata-
lysis is a heterogeneous process; hence, larger speciﬁc surface
area improves photocatalytic activity [18,19]. Usually, photo-
catalytic activity decreases as the calcination temperature is
increased due to increase in the grain size and decrease in the
speciﬁc surface area of the photocatalyst. Although S700 and
S800 have similar chemical composition, the photocatalytic
activity remarkably decreased when the calcination tempera-
ture of natural sphalerite was increased from 700 ◦C to 800 ◦C
due to signiﬁcant decrease in the speciﬁc surface area caused
by increase in grain size. Similar observations were reported
in the literature [14,18–20]. Thus, the photocatalytic activity activity of calcined natural sphalerite under visible light irradiation.
S600 0.0029 0.999
S700 0.0036 0.999
S800 0.0030 0.973
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The observed differences in the photocatalytic activity of
0, S600, and S700 can be attributed to the combined effects
peciﬁc surface area, which decreases upon calcinations at
00 ◦C and then increases when the calcination temperature
as raised to 700 ◦C, and incomplete and complete chemical
onversion of ZnS to ZnO at 600 ◦C and 700 ◦C, respectively. As
eported in Table 2, the speciﬁc surface area of S0 is higher
han that of S600; however, the photocatalytic activity of S600
s much higher than that of S0. Obviously, the higher photocat-
lytic activity of S600 is caused by the conversion of the ZnS
n natural sphalerite to ZnO. ZnO–ZnS composites are often
ore  effective photocatalysts than pure ZnO or ZnS due to the
hift of their band gaps to lower energies and more  efﬁcient
eparation of the photogenerated electron–hole pairs [4,6].
Elsewhere, ZnO was found to display higher activity than
ure ZnS and ZnS–ZnO composites for the photocatalytic
ecolorization of MO  under UV irradiation thanks to the oxy-
en vacancies in ZnO, and more  efﬁcient separation of the
lectron–hole pairs [5]. As apparent in Fig. 1, calcination of
atural sphalerite involves substitution of sulfur with oxygen
n the crystal lattice. Since the atomic radius of sulfur (100 pm)
s larger than that of oxygen (60 pm), lattice distortion occurs
uring calcination which results in oxygen vacancies [21]. The
xygen defects are the active sites of ZnO that can entrap
hotogenerated electrons thereby allowing efﬁcient separa-
ion of the photogenerated electrons and holes [22]. Although
700 and S800 have the same chemical composition as shown
y their XRD patterns, S700 will have more  oxygen defects
han S800 because the number of oxygen vacancies decreases
ith increase in calcination temperature [23]. In this work,
700 exhibits the highest photocatalytic activity which can be
ttributed to small sizes of its crystallites (Table 2), and more
xygen defects which will promote more  efﬁcient separation
f photogenerated electrons and holes [22].
Neither ZnS nor ZnO is photocatalytically active under vis-
ble light irradiation due to their high band gap, the observed
ctivity of the raw and calcined natural sphalerite samples
nder visible light irradiation is indeed mainly attributed to
he presence of accessory minerals and surface defects as
xtensively discussed in previous reports [7,8]. More  detailed
xperimental work on the effects of impurities on the pho-
ocatalytic activity of raw and calcined natural sphalerite
amples is needed in order to fully optimize their composi-
ions for more  efﬁcient application of these materials as visible
ight responsive photocatalysts. Detailed investigation of the
ole of oxygen vacancies on the separation of charge carriers
n the raw and calcined natural sphalerite samples may also
rovide useful data for gaining deeper understanding of the
echanism of the photocatalytic activity of the materials.
.  Conclusions
ercentage decolorization of MO on the natural sphalerite is
nly 9.5% after one hour of visible light irradiation. The pho-
ocatalytic activity of the natural sphalerite was doubled upon
◦ ◦Please cite this article in press as: Hamza A, et al. Enhanced photocatalytic
J Mater Res Technol. 2016. http://dx.doi.org/10.1016/j.jmrt.2016.03.001
alcination at 700 C. The natural sphalerite calcined at 700 C
s more  active than the one calcined at 600 ◦C, due to higher
rystallite size and lower speciﬁc surface area of the latter,
s well as incomplete conversion of ZnS to ZnO at 600 ◦C. 1 6;x  x x(x  x):xxx–xxx 5
Complete conversion of ZnS to ZnO was achieved at 700 ◦C.
The natural sphalerite calcined at 700 ◦C and 800 ◦C have sim-
ilar chemical composition. However, the natural sphalerite
calcined at 700 ◦C is more  photocatalytically active than the
one calcined at 800 ◦C, because the former has lower crystal-
lite size, higher speciﬁc surface and more  oxygen vacancies
which will promote more  efﬁcient separation of photogenera-
ted electrons and holes. Hence, 700 ◦C is the best calcination
temperature for enhancing the photocatalytic activity of the
natural sphalerite.
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